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(57) ABSTRACT 

An optical resonator system and method that includes a whis- 
pering-gallery mode (WGM) optical resonator that is capable 
of resonating across a broad, continuous swath of frequencies 
is provided. The optical resonator of the system is shaped to 
support at least one whispering gallery mode and includes a 
top surface, a bottom surface, a side wall, and a first curved 
transition region extending between the side wall and the top 
surface. The system further includes a coupler having a cou- 
pling surface which is arranged to face the transition region of 
the optical resonator and in the vicinity thereof such that an 
evanescent field emitted from the coupler is capable of being 
coupled into the optical resonator through the first curved 
transition region. 

9 Claims, 2 Drawing Sheets 
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WHITE-LIGHT WHISPERING GALLERY 
MODE OPTICAL RESONATOR SYSTEM AND 
METHOD 

STATEMENT AS TO FEDERALLY-SPONSORED 
RESEARCH 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (U.S.C. 202) in which the 
Contractor has elected not to retain title. 

FIELD OF THE INVENTION 

The present teachings relate to whispering gallery mode 
(WGM) optical resonator system and method having a con- 
tinuous modal spectrum accompanied by a high or ultrahigh 
quality (Q) factor. In particular, the present teachings relate to 
an optical resonator system that includes a white-light WGM 
optical resonator that can resonate across a broad, continuous 
swath of frequencies — as much as an octave or more — and 
still retain a high Q factor at all resonant frequencies. 

BACKGROUND OF THE INVENTION 

Typically, WGM resonators are unique because of their 
high Q factors and small mode volumes. An important feature 
of these resonators is the structure of the WGM spectra . Many 
practical applications require the spectrum of the resonator to 
be sparse, originating from a single-mode family, and uncon- 
taminated by the presence of other modes. 

Some applications of such resonators are particularly bur- 
dened with rare and/or inhomogeneous spectra. These appli- 
cations include coherent cavity ringdown spectroscopy and 
electro-optic modulation utilizing WGM resonators. For 
example, in coherent cavity ringdown spectroscopy, narrow 
absorption features of a substance under study might fall 
between the resonator modes, thus making the presence of the 
substance undetectable without tuning of the cavity modes. 
Additionally, it has been found that reproducing the spectrum 
in separate runs is difficult if the resonator is not stabilized. In 
electro-optic modulation, laser radiation that is modulated 
with a WGM-based electro-optic modulator requires a line- 
width that is much narrower than the spectral width of a 
particular mode. In addition, the laser must be locked to the 
mode of the resonator, or alternatively, the resonator must be 
locked to the laser, either of which his not always feasible. 

Furthermore, in coherent cavity ringdown spectroscopy, 
ffie concentration of a particular substance can be measured 
by placing the substance inside a resonator and injecting an 
optical pulse into the resonator. The substance inside the 
resonator then absorbs a wavelength of the injected optical 
pulse. The concentration of the substance can be determined 
by measuring the time it takes for the pulse to “ringdown” as 
it circulates inside of the resonator. A problem with this 
technique is that the resonant frequency of the resonator must 
correspond to the absorption frequency of the substance. 

A known technique commonly employed to overcome this 
problem is to inject the optical pulse so that it couples the 
transverse and longitudinal modes of a non-confocal resona- 
tor. These modes overlap and result in a “whitened” spectrum. 
However, the breadth of this spectrum is limited by the typical 
nanometer reflectivity width of the dielectric resonator mir- 
rors of the non-confocal resonator. 

Accordingly, there exists a need for an optical resonator 
system andmethod that provide a “white-light” WGM optical 
resonator that is capable of resonating across a broad, con- 
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tinuous swath of frequencies, as much as an octave or more, 
while retaining a high Q factor at all of the resonant frequen- 
cies. 

5 SUMMARY OF THE INVENTION 

According to the present teachings, the optical resonator 
system includes an optical resonator shaped to support mul- 
tiple whispering gallery modes. The optical resonator 
to includes a top surface, a bottom surface, a side wall, and a first 
curved transition region extending between the side wall and 
the top surface. The optical resonator system also includes an 
evanescent field coupler having a coupling surface. The cou- 
pling surface of the coupler is arranged to face the transition 
15 region of the optical resonator and is arranged in the vicinity 
thereof such that a light field in the coupler is capable of being 
coupled into the optical resonator through the evanescent 
field in the first curved transition region. 

The whispering gallery mode resonator becomes a white 
20 light resonator when the evanescent field coupler interacts 
with many modes of the resonator at the same time. The 
coupling efficiency of the modes as well as the quality factor 
of file modes is substantially the same. The frequency dis- 
tance between the modes which the coupler interacts with 
25 should be less than the frill width at half the maximum of the 
modes. 

The present teachings also describe a WGM resonator that 
includes a disk-shaped substrate having a top surface, a bot- 
tom surface, a circumferential side wall, a first curved transi- 
30 tion region between the circumferential side wall and the top 
surface, and a second curved transition region between the 
circumferential side wall and the bottom surface. The top 
surface and the bottom surface of the WGM resonator define 
a thickness of about 500 pm and the circumferential side wall 
35 defines a diameter of about 0.5 cm. The optical resonator of 
the present teachings is capable of resonating in a frequency 
range of about an octave or more when coupled with an 
evanescent field. The frequency range is fundamentally deter- 
mined by the transparency window of the host material of the 
40 resonator. 

Additional features and advantages of various embodi- 
ments will be set forth, in part, in the description that follows, 
and will, in part, be apparent from the description, or may be 
learned by the practice of various embodiments. The objec- 
45 fives and other advantages of various embodiments will be 
realized and attained by means of the elements and combina- 
tions particularly pointed out in the description herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 

FIG. 1 is a top view of the optical resonator system accord- 
ing to various embodiments; 

FIG. 2 is a side view of the optical resonator system show- 
55 ing the positional relationship between the fiber coupler and 
the WGM resonator according to various embodiments; 

FIG. 3 shows a close-up view of region A of FIG. 2 and 
illustrates the angle formed between the surface of the fiber 
coupler and the curved transition region of the WGM resona- 
60 tor according to various embodiments; 

FIG. 4 is a perspective view of the WGM resonator accord- 
ing to various embodiments; 

FIG. 5 is a spectra of the white-light resonator at 1320 nm 
and 780 nm; and 

65 FIG. 6 shows the shape of a light pulse on the entrance and 

exit from the WGM resonator according to various embodi- 
ments. 
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It is to be understood that both the foregoing general 
description and the following detailed description are exem- 
plary and explanatory only, and are intended to provide an 
explanation of various embodiments of the present teachings. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present teachings are directed to an optical resonator 10 
system and method that include a whispering gallery mode 
(WGM) resonator that is capable of resonating in a frequency 
range of about an octave or more. The system and method of 
the present teachings provide a WGM resonator having the 
following characteristics: (i) power buildup at virtually any 15 
frequency inside the transparency window of the material 
from which the resonator is made, (ii) nearly the same Q 
factor (ringdown time) at any frequency of white-light, and 
(iii) nearly critical coupling of the WGM resonator with a 
coupler. 20 

As shown in FIGS. 1-3, the optical resonator system 10 of 
die present teachings can include (i) a fiber coupler 20 that is 
cleaved at an angle to form an angled coupling surface portion 
50 that is capable of supporting an evanescent field, and (ii) a 25 
WGM resonator 32 having rounded or curved transition 
regions 40 between a side wall 34 and its top and bottom 
surfaces 12 and 16, respectively. As shown in FIGS. 2 and 3, 
in an operative position, the coupling surface 50 of the fiber 
coupler 20 and either of the curved transition regions 40 of the 30 
WGM resonator 32 are arranged in a relationship whereby 
they are in optical range and facing one another. 

Referring to FIG. 2, a general overview of the optical 
resonator system 10 according to the present teachings is 
shown. The optical resonator system 10 includes an arrange- 35 
ment whereby the angled coupling surface portion 50 of the 
fiber coupler 20 and a curved transition region 4 0 of the WGM 
resonator 32 are facing one another. The WGM resonator 32 
is shaped as a disk or flat plate and is made from an optically 
transparent material. The structure and arrangement of the 40 
optical resonator system 10 of the present teachings allows 
light 22 having a frequency range exceeding an octave to be 
effectively coupled into the WGM resonator 32 from the fiber 
coupler 20 via the formation of an evanescent field at the 45 
coupling surface 50. The coupling as achieved when the opti- 
cal resonator system 10 of the present teachings provides a 
WGM resonator 32 that is capable of resonating across a 
broad, continuous swath of frequencies, as much as an octave 
or more. The resonator 32 is also capable of retaining a high 50 
Q factor at all of the resonant frequencies. 

According to the present teachings, the coupling surface 50 
ofthe fiber coupler 20 is arranged at an end area 55 of the fiber 
coupler 20. The coupling surface 50 is capable of emitting an 
evanescent field when light 22 is coupled into the fiber cou- 55 
pier 20. In one exemplary embodiment as shown in FIG. 1, the 
slope of the coupling surface 50 can be selected according to 
the relationship <t>=arcsin (^^J. N^ ier represents 
the effective refractive index that describes the guided wave 
in the fiber coupler 20. N w<wmtor represents the effective 60 
refraction index that describes the azimuthal propagation of 
waveguide modes. The effective refractive index and refrac- 
tion index can be considered as closed waves, undergoing 
total internal reflection in the WGM resonator 32. Accord- 
ingly, the angled coupling surface portion 50 can form an 65 
angle co=l 80— <J>. Although in this exemplary embodiment the 
fiber coupler 20 is used to couple the light 22 into the WGM 
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resonator 32, other types of couplers could also be used in the 
optical resonator system 10 of the present teachings. For 
example, a prism could be used as a coupler in the optical 
resonator system 10. 

Referring to FIG. 1, in one exemplary embodiment, light 
22 can be coupled in a direction 24 and incident on the 
coupling surface 50 of the fiber coupler 20. Upon incidence, 
light 22 can undergo total internal reflection and then can 
form an evanescent field about the end area 55 of the fiber 
coupler 20. Effectively, at least a portion of light 22 can 
escape out of the fiber coupler 20 by the formation of the 
evanescent field. In the optical resonator system 10 of the 
present teachings, the WGM resonator 32 is arranged in the 
vicinity of the evanescent field so that light 22 can be coupled 
to the WGM resonator 32 from the fiber coupler 20. In par- 
ticular, the WGM resonator 32 is positioned in the vicinity of 
the evanescent field and is arranged such that the curved 
transition region 40 of the WGM resonator 32 and the cou- 
pling surface 50 of the fiber coupler 20 are facing one another. 

Additionally, as illustrated in FIG. 3, in an operative posi- 
tion defined by when the curved transition region 40 and the 
coupling surface 50 are facing one another, a plane 75 defined 
by the top surface 12 of the WGM resonator 32 and a plane 00 
defined by the coupling surface 50 intersect at an acute angle 
p. At any given acute angle p, a family of modes will exist, 
with each mode corresponding to an integral number of wave- 
lengths around the circumference of the WGM resonator 32. 
Furthermore, the value of the acute angle p varies depending 
upon the size, shape, and material of the WGM resonator 32 
and/or the fiber coupler 20 of the optical resonator system 10. 
Manual adjustment or manipulation can determine the opti- 
mum value of the acute angle p . For example, the value of the 
acute angle p can be adjusted by rotating the fiber coupler 20 
about its central axis. Alternatively, the optimum value of the 
acute angle p can be determined through the use of math- 
ematical analysis. The adjustment of the acute angle p can 
allow or at least contribute to the efficient coupling of light 
having a frequency range of about an octave or more into the 
WGM resonator 32 via the evanescent field. Accordingly, in 
the optical resonator system 10 of the present teachings, light 
having a frequency range of about an octave or more can be 
resonantly transitioned between the fiber coupler 20 and the 
WGM resonator 32. 

The WGM resonator 32 becomes a white light resonator 
when the coupler 20 interacts with many modes of the WGM 
resonator 32 at the same time. The coupling efficiency of the 
modes as well as the quality factor of the modes is substan- 
tially the same. The frequency distance between the modes 
which the coupler interacts with should be less than the full 
width at half the maximum of the modes. 

In addition to the positioning of the coupling surface 50 of 
the fiber coupler 20 relative to the curved transition region 40 
of the WGM resonator 32, the properties of the dielectric 
material, as well as the shape and the size of the WGM 
resonator 32 can also affect the ability of the WGM resonator 
32 of the present teachings to resonate across a broad, con- 
tinuous swath of frequencies. The frequency range of the 
WGM resonator 32 is fundamentally determined by the trans- 
parency window of the material of the WGM resonator 32. 

The WGM resonator 32 of the present teachings can be 
made from any electro-optic material. For example, the elec- 
tro-optic material of the WGM resonator 32 can include 
lithium niobate (LiNb0 3 ), lithium tantalate (LiTa0 3 ), sap- 
phire (A1 2 0 3 ), silica (SiOJ and/or calcium fluoride (CaF 2 ). 
In another exemplary embodiment, the WGM resonator 32 
can be made entirely from calcium fluoride. WGM resonators 
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made from calcium fluoride can have a quality (Q) factor on 
order of 10 9 or higher. More particularly, calcium fluoride 
WGM resonators can have a Q factor of about 2xl0 10 at X of 
about 1319 pm. 

FIGS. 2-4 show an exemplary shape of the WGM resonator 5 
32 of the present teachings. In the illustrated exemplary 
embodiment, the WGM resonator 32 can be in a shape of a 
disk or plate 32. With specific reference to FIGS. 2 and 4, the 
disk-shaped WGM resonator 32 can include a top surface 12, 1Q 
a bottom surface 16, and a circumferential side wall 34. In a 
preferred embodiment, the disk-shaped WGM resonator 32 is 
circular having a diameter, d, and has a uniform, straight 
circumferential side wall 34. The top surface 12 of the WGM 
resonator 32 can be arranged parallel with respect to the 15 
bottom surface 16. A thickness, H, of the WGM resonator 32 
can be defined by the distance between the top surface 12 and 
the bottom surface 16. As discussed above, curved transition 
regions 40 where coupling is achieved are arranged between 
the circumferential side wall 34 and the top and bottom sur- 20 
faces 12 and 16, respectively. 

According to various embodiments, the distance, H, can 
range from about 50 pm to about 1000 pm. Additionally, the 
diameter d, of the WGM resonator 32 can range from abut 1 
mm to several centimeters. In a preferred embodiment, the 25 
distance, H, is about 500 pm and the diameter, d, is about 0.5 
cm. In the same preferred embodiment, the top surface 12 is 
arranged parallel with respect to the bottom surface 16 and 
each of these surfaces are arranged perpendicular to the cir- 
cumferential side wall 34. 30 

The following is an example of determining the quality 
factor using the optical resonator system 10 of the present 
invention. 

A cleaved fiber coupler that resulted in excitation of the 35 
majority of the whispering gallery modes was used to load a 
high-Q CaF 2 WGM resonator (Q>10 9 ) having a thickness of 

0.5 mm and a diameter of 0.5 cm with various frequencies. 
The coupling efficiency was better than 40% at all frequen- 
cies that were tuned by the lasers. The high-Q CaF 2 WGM ^ 
resonator was tested with light generated from 1320 nm (4 
kHz line-width), 780 nm (10 kHz linewidth), and 532 nm 
(incoherent) lasers. As shown in FIG. 5, the spectrum of the 
resonator is essentially continuous when the frequency dif- 
ference between modes is much smaller than their spectral 45 
width. The average separation between modes in a radial 
mode family was less than 20 MHz. In this experiment, sev- 
eral radial mode families were excited simultaneously. 

To measure the quality factor at 1320 and 780 nm, a ring- 
down technique with t^- 5 ns shutter was used. In the case of 50 
a green laser, an acoustic-optic shutter with Tj =31 ns response 
time was used. Characteristic response times of the photo- 
diode and circuits were less than 1 ns. The shapes of the light 
pulse on the entrance and exit of the resonator are shown in 
FIG. 6. The average ringdown time was 65 ns, which 55 
corresponds to Q of about 10 6 . The variations of the Q factor 
with the carrier frequency of the lasers were less than 50%. 
Therefore, the resonator has all of the necessary white-light 
properties in a frequency interval larger than an octave. 

Those skilled in the art can appreciate from the foregoing 60 
description that the present teachings can be implemented in 
a variety of forms. Therefore, while these teachings have been 
described in connection with particular embodiments and 
examples thereof, the true scope of the present teachings 
should not be so limited. Various changes and modifications 65 
may be made without departing from the scope of the teach- 
ings here. 


What is claimed is: 

1. An optical resonator system comprising: 
an optical resonator, made substantially entirely from 

CaF 2 , shaped to support at least one whispering gallery 
mode and comprising a top surface, a bottom surface, a 
side wall, and a first curved transition region extending 
between the side wall and the top surface; and 
a coupler including a coupling surface, wherein the cou- 
pling surface defines a first plane and the optical reso- 
nator top surface defines a second plane wherein the first 
plane and second plane intersect at an acute angle; 
wherein the coupling surface of the coupler is arranged to 
face the transition region of the optical resonator and in 
the vicinity thereof such that an evanescent field emitted 
from the coupler is capable of being coupled into the 
optical resonator through the first curved transition 
region. 

2. The optical resonator system of claim 1, wherein the 
optical resonator is capable of resonating in a frequency range 
of an octave or more. 

3. The optical resonator system of claim 1, wherein the 
coupler is a fiber coupler. 

4. A device capable of (i) achieving power buildup at vir- 
tually any frequency inside an optical resonator, (ii) providing 
substantially constant Q factor at any frequency in the optical 
frequency, and (iii) providing substantially critical coupling 
of the optical resonator with a coupler, comprising: 

an optical resonator shaped to support at least one whis- 
pering gallery mode and comprising a top surface, a 
bottom surface, a side wall, and a first curved transition 
region extending between the side wall and the top sur- 
face; and 

a coupler including a coupling surface, wherein the cou- 
pling surface defines a first plane and the optical reso- 
nator top surface defines a second plane wherein the first 
plane and the second plane intersect at an acute angle; 

wherein the coupling surface of the coupler is arranged to 
face the transition region of the optical resonator and in 
the vicinity thereof such that an evanescent field emitted 
from the coupler is capable of being coupled into the 
optical resonator through the first curved transition 
region. 

5. An optical resonator system comprising: 

an optical resonator shaped to support at least one whis- 
pering gallery mode and comprising a top surface, a 
bottom surface, a side wall, a first curved transition 
region extending between the side wall and the top sur- 
face, and a second curved transition region extending 
between the side wall and the bottom surface; and 

a coupler including a coupling surface, wherein the cou- 
pling surface defines a first plane and the optical reso- 
nator top surface defines a second plane wherein the first 
plane and second plane intersect at an acute angle; 

wherein the coupling surface of the coupler is arranged to 
face the transition region of the optical resonator and in 
the vicinity thereof such that an evanescent field emitted 
from the coupler is capable of being coupled into the 
optical resonator through the first curved transition 
region. 

6. The optical resonator system of claim 5, wherein the 
optical resonator is a disk-shaped optical resonator defined by 
a diameter and wherein the top surface and the bottom surface 
are substantially parallel to each other. 

7. The optical resonator system of claim 6, wherein the 
disk-shaped optical resonator includes a thickness defined 
between the top surface and the bottom surface of from about 
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50 pm to about 1000 pm and a diameter of from about 1 mm 
to about 1 cm. 

8. The optical resonator system of claim 7, wherein the 
disk-shaped optical resonator comprises a thickness of about 
500 pm and a diameter of about 0.5 cm. 


8 

9. The optical resonator system in claim 5, wherein the 
optical resonator comprises LiNb0 3 , LiTa0 3 , A1 2 0 3 , Si0 2 , 
CaF 2 , or a combination thereof. 

***** 



